Spin qubits involving one or two spins have emerged as potential building blocks for quantum information processing applications, resulting in many double quantum dot (DQD) studies [1] [2] [3] [4] . Coherent control of a two-electron spin qubit close to the singlet/triplet (S/T + ) anticrossing through Landau-Zener-Stückelberg (LZS) oscillations [5, 6] has been studied theoretically [7] [8] [9] and demonstrated experimentally [10] in DQDs. Recent advances with triple quantum dot (TQD) technology [11] [12] [13] [14] [15] [16] [17] have suggested additional advantages, such as their potential for encoding quantum 
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We tune the device to the spin qubit regime using gate C [ Fig. 1(a) ] gaining control of the (N L ,N C ,N R )=(1,1,1) electronic configuration between (1,0,2) and (2,0,1), where L, C, and R refer to the left, centre, and right quantum dots, respectively. The charge detection stability diagram obtained in the absence of pulses is shown in Fig. 1(b) . We focus on coherent spin manipulation between the three-electron spin states of the (1,0,2), (1,1,1), and (2,0,1) electronic charge configurations. The dashed line illustrates a possible detuning line ǫ, and ǫ + [ǫ − ] corresponds to the location, along the detuning line, of the (2,0,1)/(1,1,1) [(1,0,2)/(1,1,1)] charge transfer line. We focus our attention on four of the three-electron spin states, as shown in Fig. 1(c) . One of the lowest energy eigenstates of the system is a spin doublet with total spin S tot =1/2 and S z =+1/2, labelled ∆ ′ 1/2 following Ref. [17] . The two lowest energy quadruplet states with S z =+3/2 and +1/2 are labelled Q 3/2 and Q 1/2 , respectively. A higher energy doublet state, ∆ 1/2 , lies in close proximity to Q 1/2 .
Filtering a 10 ns rectangular pulse controls the rise time [ Fig. 1(d) ]. At long (short) rise times, pulses appear Gaussian (almost rectangular). When the detuning pulse is applied such that the system passes through the ∆ ′ 1/2 /Q 3/2 anticrossing, mixing between all four states can occur due to a non-zero Landau-Zener transition probability (Supplementary Information Section VI). The speed through the anticrossing (related to the rise time) determines the final superposition of quantum states.
Applying a detuning pulse of duration τ will result in a phase accumulation between the quantum state components. This phase is related both to the accumulation time and the detuning voltage [5] [6] [7] [8] [9] [10] . The resulting LZS oscillations in the ∆ ′ 1/2 state final projection probability are measured using standard spin-to-charge conversion techniques [20] . The dependence of the LZS oscillations on rise time is shown in the left panel of Fig. 1 These oscillations have a positive slope and a long period (blue dashed lines). Calculations confirm that these long period oscillations are due to the ∆ Fig. 1(c) ]. The calculated results including the additional interactions (see Supplementary Information Section III) agree well with experimental data and are shown in the greyscales of Fig. 1 (e-g). For more details about the interplay between coherent processes involving the different states as well as the Bloch sphere repres The calculated energy diagram for all the spin states of the three-electron system in the absence of hyperfine coupling but in the presence of Zeeman splitting E z from an in-plane magnetic field B is plotted versus detuning in Fig. 2 (a,c) [17, 21] for (1,1,1) regions of different sizes with different couplings. The size of the (1,1,1) region is readily tuneable [15] . The quadruplets (with S tot =3/2) are defined to be independent of detuning. The high energy antibonding doublet states are also shown in grey in Fig. 2(a,c) . More details about the three-electron spin Hamiltonian can be found in Supplementary Information Section II and in [17] .
The exact location of the hyperfine-induced anticrossings between ∆ ′ 1/2 and Q 3/2 along the detuning axis [open circles in Fig. 2(a) ] depends upon the Zeeman splitting, which results in a B dependence. This is shown for the two ∆ ′ 1/2 /Q 3/2 anticrossings in Fig. 2(b) , where the individual spin funnels [1] measured along two detuning axes combine to form a "spin arch" across the expanded detuning range. For the case of the narrow (1,1,1) region, the spin arch can be measured in a single detuning line running across (1,1,1) and detected by a single charge detector. This enables coherent manipulation between three-electron spin states, as the spin arch contains the exchange energy contributions from both relevant combinations of right-centre and left-centre dots. Fits to the model described in Supplementary Information Section III are superimposed with the data in Fig. 2(b,d) . In the case of the large (1,1,1) region, for τ <25 ns we observe coherent LZS oscillations as a function of detuning and τ , as shown in Fig. 3(a,d) . The probability of measuring the ∆ ′ 1/2 state after the pulse, P ∆
, is plotted for two pulse detunings. From a single parameter fit (see Supplementary Information Section III), we extract values for T * 2 , while the position of the fringes is completely determined by independently measured parameters (not shown) following methods from Ref. [10] . The frequency of the LZS oscillations is directly related to the level spacing. This manifests itself in the data with a decreased frequency the closer the pulse is to the anticrossing, as expected. In general (not shown In the case of a narrow (1,1,1) region, as seen from the stability diagram in Fig. 4(a) , a set of oscillations parallel to the opposite charge transfer line (1,0,2)-(1,1,1) are observed in the (2,0,1) spin-to-charge region when the pulse is large enough to engage the third spin in the coherent modulation by reaching the second (i.e. far) ∆ ′ 1/2 /Q 3/2 anticrossing. These new oscillations involve the coherent spin-state manipulation of three spins simultaneously. The zoomed-in version of these oscillations in the stability diagram is shown in Fig. 4(b) . With a detuning line parallel to the pulse direction in the stability diagram (i.e. parallel to the center dot addition line), it is possible to map out the coherent behaviour among the three-electron spin states, as seen in Fig. 4(c) . The set of closely spaced oscillations with negative slopes in the left part of the τ -V 2 plane corresponds to the LZS oscillations from the ∆ map is shown in Fig. 4(d) . The two broad fringes marked by arrows are due to the ∆ ′ 1/2 /(∆ 1/2 ,Q 1/2 ) interactions, while the well-defined fringe above them is due to the ∆ ′ 1/2 /Q 3/2 interaction. Above this is a dense group of fringes, where the relevant energy splittings grow sharply towards the (1,0,2) region producing very fast oscillations that are resolution limited by pixelation. See Supplementary Information Section VIII for an example of measured and calculated P ∆ ) is required to understand the results. The ability to coherently mix multiple three-spin states combined with micromagnet technology is expected to lead to the universal control of such states. Further improvements of coherent spin manipulation techniques in triple quantum dots will allow more complex pulse sequences to achieve arbitrary coherent rotations in the Bloch sphere of a qubit encoded in three-electron spin states.
The device is fabricated on a GaAs/AlGaAs heterostructure grown by molecular beam epitaxy with a density of 2.1×10 11 cm −2 and a mobility of 1.72×10 6 cm 2 /Vs. Ohmic contacts are used to contact the two-dimensional electron gas (2DEG) located 110 nm below the surface. TiAu gate electrodes are patterned by electron-beam lithography to allow electrostatic control of the triple quantum dot (TQD). Two gates are used to define quantum point contacts (QPCs) used as charge detectors on the left and right of the TQD.
Charge detection measurements are made by measuring either the left or right QPC conductance with a lock-in technique using a typical root-mean-square modulation in the 0.05-0.1 mV range. The QPC detector conductance is tuned to below 0.1 e 2 /h. High frequency pulses from two synchronized Tektronix AWG710B are applied via a bias-tee. The pulse of duration τ is typically ≤25 ns and the waveform is typically repeated every 2 to 5 µs. The pulse rise times are controlled by passing the programmed rectangular pulses through low-pass filters internal to the AWG10B or through external Mini-Circuits SBLP filters. Typical rise times are 6.6 ns. The device is bias-cooled with 0.25 V on all gates. Once cold, suitable gate voltages are applied to the gates to form the TQD potential. The dilution refrigerator has an electron temperature of ∼110 mK, as determined from the temperature dependence of the lineshape for an addition line.
II. THREE-ELECTRON SPIN HAMILTONIAN
Based on Ref. [17] , the Hamiltonian for a system of three electron spins in the presence of a magnetic field alongẑ is:
where J ij is the exchange interaction between spins in dots i and j, S i is the spin in dot i and E Z is the Zeeman energy. According to Ref. [17] , the three-spin system is characterized by eight eigenvectors, which are divided into two subgroups by the exchange energy: four quadruplet states Q with a total spin S = 3/2 (S z = ±3/2, ±1/2) and two pairs of doublet states ∆ and ∆ ′ with a total spin S = 1/2 (S z = ±1/2). We refer the reader to Ref. [17] for the complete list of eigenstates and eigenvalues, and we write down only those that played a role in the main text:
where Ω = J 2 LC + J 2 RC − J LC J RC and the eigenvalues are:
In the limits of large |ǫ|, the ∆ 2 ) states of Ref. [17] .
III. MODEL FOR LANDAU-ZENER-STÜCKELBERG OSCILLATIONS IN THE
Following the terminology of Ref. [17] the Hamiltonian for the Landau-Zener-Stückelberg (LZS) model in the ∆ ′ 1/2 /Q 3/2 system is:
where the off-diagonal term Γ ∆ ′ ,Q 3/2 is the ∆ ′ 1/2 /Q 3/2 coupling originating from the hyperfine interaction betwen the electron spins and the nuclear spins via thex andŷ components of the Overhauser field gradients between the dots. This Hamiltonian is equivalent in the limit of weak "spectator dot" coupling to the 2-dot Hamiltonian in the S/T + basis described in Ref. [21] .
For situations in which the (Q 1/2 ,∆ 1/2 ) states play a role we use a Hamiltonian of the form:
The (Γ ∆ ′ ,Q 1/2 ,Γ ∆ ′ ,∆ ,Γ ∆,Q 1/2 ) couplings are due toẑ component of the Overhauser field gradients between the dots. This Hamiltonian is equivalent in the limit of weak "spectator dot" coupling to the 2-dot Hamiltonian in the S/T + /T 0 basis.
Note that the magnitudes of the off-diagonal coupling elements are empirically fitted to the observed magnitude of the LZS oscillations. This has no significant effect on the period of the LZS oscillations. The couplings are typically ∼ 0.1-0.2 µeV.
The time evolution of the density matrix ρ is calculated from the initial state at large detuning where probability P ∆ ′ 1/2 =1, as described by the following equation:
The solution of the time evolution of ρ involves a series of differential equations solved numerically by the RungeKutta method. To simulate decoherence effects appropriate off-diagonal terms are included in the derivative of the density matrix leading to exponential decay of the resulting oscillations. The pulse shape is simulated by the convolution of a rectangular pulse of length τ with a Gaussian 
IV. STABILITY DIAGRAMS WITH LONG τ PULSES
For a pulse with long duration τ =100 ns, a line, corresponding to the measurement location where the end of the pulse reaches the ∆ 1,1,1) . Black is low, red is medium, and yellow is high transconductance. The pulse has duration τ =100 ns (>T * 2 ) and repeats every τm=5 µs [the repetition rate is chosen < T1, which is ∼10 µs in this system (not shown)]. B=60 mT.(b) Numerical derivative of the left QPC conductance with respect to V2 in the presence of a pulse with (δV1,δV2)=(-3.75,6.6) mV across the charge transfer line between (2,0,1) and (1,1,1) . τ =100 ns, τm=5 µs, and B=83 mT. Figure 6 contains the investigation of the magnetic field dependence of the LZS oscillations. The number of oscillations grows with B, as the energy difference between the two states in the qubit grows with E z due to the curvature in ∆ ′ 1/2 . These experimental results compare very well to the calculations made with the single qubit model also shown in Fig. 6 . This completes the characterization of the ∆ ′ 1/2 /Q 3/2 qubit. The truncation of the LZS oscillations along the V 1 axis in the experimental data is due to a small spin-to-charge conversion region in this case. 
V. MAGNETIC FIELD DEPENDENCE

VI. LANDAU-ZENER PROBABILITY
In order to measure the transition probability P LZ for the avoided crossing between states ∆ ′ 1/2 and Q 3/2 , we adopt the following procedure, originally used in a DQD system [10] . From the (2,0,1) configuration, we induce the (1,1,1) transition by going non-adiabatically through the avoided crossing between the ∆ ′ 1/2 and Q 3/2 in 0.5 ns. In this way, the ∆ ′ 1/2 is preserved during the sweep. Immediately after that, we sweep through the avoided crossing in the opposite direction and measure the probability of returning in ∆ , as a function of the return sweep time. Figure 7 shows the results. When the sweep time for the return is short, i.e. in the non-adiabatic regime where ∆E/v → 0, Landau-Zener tunneling is efficient so P LZ = 1 (see Ref. [10] ). As the sweep time is increased, P LZ shrinks so the probability of finding the system in Q 3/2 increases, which appears as an exponential decay of P ∆ ′ 1/2 . The characteristic time obtained by fitting an exponentially decaying function to the data is of 260 ns. This implies that to obtain a superposition of equal weights between ∆ ′ 1/2 and Q 3/2 during a single sweep through the anticrossing, it is necessary to sweep through the transition for close to but less than 260 ns. This is impractical, as the decoherence time T * 2 is close to 15 ns. 
VII. INCLUDING HIGHER ENERGY LEVELS AND BLOCH SPHERE TRAJECTORIES
